The Higgs
The spontaneous symmetry breaking sector has always been the most uncertain part of the standard model. The simplest possibility is that the SSB is accomplished by the VEV of an elementary Higgs doublet, as described in Section 7.2.1, or by a more complicated Higgs sector involving two or more Higgs doublets (as in the supersymmetric extension of the SM) or other representations. It is also possible that the SSB is associated with a dynamical mechanism not involving elementary scalar fields, as will be touched on at the end of this Section and in Chapter 8. The observation of a Higgs-like boson * with mass ∼ 125 GeV in 2012 strongly supports the notion of an elementary Higgs doublet. However, as of this writing (in March 2014) the measurements of the Higgs couplings are not yet sufficiently precise to exclude some of the alternatives, especially limiting cases involving a boson very similar to the SM Higgs. In this section, we describe some of the theoretical constraints on the SM Higgs and some of its predicted properties for an arbitrary mass. We then discuss the searches for the Higgs, its discovery and study at the LHC, and the implications. For more detailed discussions, see (Gunion et al., 1990; Carena and Haber, 2003; Djouadi, 2008a; Aglietti et al., 2006; Gomez-Bock et al., 2007; Dittmaier and Schumacher, 2013; Altarelli, 2013; Ellis, 2013; Herrero, 2014; Logan, 2014) ; the Higgs Boson review by Carena, Grojean, Kado, and Sharma in (Olive et al., 2014) ; and the sites devoted to Higgs production, decay, and experimental constraints listed in the Web Sites section.
In the standard model there remains one physical Higgs particle H after spontaneous symmetry breaking, with a potential given by (7.40) on page 291, and gauge, self-interaction, and Yukawa couplings to fermions given in Table 7 .1. The mass is M H = √ 2λν, where λ is the quartic self-coupling and ν ∼ 246 GeV is √ 2 0|φ 0 |0 . The couplings to a particle of mass M are always proportional to M/ν, M 2 /ν, or (M/ν) 2 . Thus, the couplings to fermions are small except for the top quark, making the H hard to produce or detect in that way. More optimistic are gauge couplings, such as V V H where V = W ± or Z, which are proportional to g 2 ν ∼ M 2 V /ν.
Theoretical Constraints
The Higgs mass and quartic coupling are related by
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The Standard Electroweak Theory 363 where ν ∼ 246 GeV and G F ∼ 1.2 × 10 −5 GeV 2 are known. The only constraint we have imposed so far on λ is (tree-level) vacuum stability, λ > 0, which would allow any M H from 0 to ∞. However, there are a number of more stringent theoretical constraints which lead to nontrivial upper and lower bounds. In this section we consider issues related to the Higgs and gauge boson self-interactions. Other theoretical issues, involving the Higgs contribution to the vacuum energy and the higher-order corrections to the Higgs mass, are discussed in Section 8.1.
Renormalization Group Constraints
The renormalization group equations for the running gauge couplings are given for an arbitrary gauge theory in ( (7.197) for SU (3), SU (2), and U (1), respectively † . These are valid at momenta much larger than m t and ν, and assume the existence of F fermion families and n H Higgs doublets. For F = 3 and n H = 1, both SU (3) and SU (2) are asymptotically free.
λ and the Yukawa couplings also run. At one-loop (see, e.g., Cheng et al., 1974; Gunion et al., 1990) (7.198) where it is understood that the couplings on the r.h.s. are the running couplings at Q 2 . The quantity in (7.196 ) is the low energy value λ(ν 2 ), while h t (ν 2 ) ∼ m t /ν is the t-quark Yukawa coupling defined in (7.46) on page 295 or in (7.54); we have neglected all of the other Yukawas. The running of h t is due to vertex, t quark, and Higgs self-energy diagrams (for a scalar coupling there is no analog of the Ward-Takahashi identity described in Section † In considering grand unified theories it is conventional to introduce the GUT-normalized U (1) gauge coupling g 1 = 5 3 g , which has the coefficient bg 1 = 
FIGURE 7.31
Typical diagrams contributing to the running of λ.
The first bound that we consider is the triviality upper limit on M H (Cabibbo et al., 1979) . From (7.196) , λ(ν 2 ) is larger than unity for M H 350 GeV, while h t (ν 2 ) ∼ 0.7 for m t ∼ 170 GeV and the electroweak gauge coupling terms at low energy are small (Table 1 .1). For large M H one can therefore approximate the λ equation by the first term on the r.h.s., which is immediately solved to obtain (7.199) This diverges at the Landau pole
Presumably, it does not make sense for λ to diverge within the domain of validity of the theory ‡ . It suffices that Q LP is larger than the scale Λ at which new physics sets in (and above which the RGE in (7.198) no longer apply). Requiring Q LP > Λ leads to the triviality limit 201) where
19 GeV is the Planck scale. This limit is somewhat fuzzy, because the one-loop approximation is not valid when λ is large, ‡ In the pure λH 4 /4 theory the only way for the one-loop RGE solution to remain finite for Q 2 → ∞ would be to take λ(ν 2 ) = 0, justifying the term triviality. and in fact perturbation theory breaks down. However, it provides a reasonable estimate (as a function of the new physics scale) of how large a value of M H is consistent with having a weakly coupled field theory. In particular, the observation of a SM-type Higgs at a mass scale much larger than 200 GeV would have strongly suggested that new physics sets in at a rather low scale. A more detailed evaluation including two-loop effects and the neglected terms in (7.198 ) is shown in Figure 7 .32. One finds that M H 180 GeV for Λ ∼ M P , while M H 700 GeV for Λ < 2M H . (It would not make much sense to consider an elementary Higgs field for a lower Λ.) The latter upper bound can be justified by non-perturbative lattice calculations (Hasenfratz et al., 1987; Kuti et al., 1988; Luscher and Weisz, 1989) , which suggest an absolute upper limit of 650 − 700 GeV.
FIGURE 7.32
Theoretical limits on the SM Higgs mass as a function of the scale Λ at which new physics enters. The upper limit is from the absence of a Landau pole below Λ, while the lower limit is from vacuum stability. Reprinted with permission from (Hambye and Riesselmann, 1997).
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The Standard Model and Beyond h 4 t term § , and also treat h t as a constant, then one finds 202) which goes negative at Q 2 for which
A negative λ within the domain of validity of the theory would suggest an unstable vacuum, so we have a lower limit on λ(ν 2 ) and M
2
H coinciding with the terms on the r.h.s. in (7.203) for Q = Λ. In particular, M H 85 GeV for Λ = 1500 GeV. For large Λ it is not valid to neglect the running of h t . One needs to integrate the coupled equations, include two-loop effects, and include loop contributions to the effective potential in addition to those in λ(Q 2 ). Typical results are shown as a function of Λ in Figure 7 .32. Combining the triviality and vacuum stability limits, M H is constrained to the rather limited range 130 − 180 GeV for Λ = M P , with a somewhat larger range for smaller Λ. The lower limit is weakened somewhat (to around 115 GeV for Λ = M P ) if one allows a sufficiently long-lived (i.e., longer than ∼13.8 Gy, the age of the Universe) metastable vacuum (Casas et al., 1996; Isidori et al., 2001) .
These limits do not apply in the minimal supersymmetric extension of the SM (the MSSM), because λ is not an independent parameter and there are additional contributions to the RGE. It is interesting that there is a complementary upper limit of ∼ 130 GeV on the lightest Higgs scalar in the MSSM (increasing to ∼ 150 GeV in extensions of the MSSM), which is close to the SM vacuum stability lower bound for most values of Λ. The observation of a Higgs much heavier or lighter than 130 GeV would have helped distinguish between the SM and supersymmetry, but the observed 125 GeV is inconclusive and somewhat challenging for both.
Tree Unitarity and the Equivalence Theorem
Another theoretical upper limit is based on the (tree-level) unitarity for W + W − → W + W − scattering and related processes such as ZZ, ZH, and HH scattering (Lee et al., 1977) (cf. the discussions of unitarity breakdown in high energy ν e e → ν e e and e + e − → W + W − scattering in Section 6.1). The potential difficulty involves the longitudinal polarization states for the W or Z, which dominate in high energy processes since the polarization vec-
204) § Lower limits that would have been relevant for a much lighter t quark are reviewed in (Gunion et al., 1990) . on M H . This can be strengthened somewhat by considering the coupled channel analysis and a more precise unitarity constraint, leading to the unitarity bound (7.206) which is comparable to the lattice version of the triviality bound.
Of course, (7.206) is based on the tree-level amplitude, and unitarity only applies rigorously to the full amplitude. One should therefore interpret (7.206) as the condition for a weakly coupled (perturbative) Higgs and gauge selfinteraction sector, for which higher-order corrections to the amplitude are not expected to be important. Conversely, a violation of (7.206), or the nonobservation of a Higgs below this scale, would have suggested that spontaneous symmetry breaking is associated with a strongly coupled Higgs sector
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The Standard Model and Beyond or some strong coupling alternative to the elementary Higgs mechanism. This would presumably be manifested by enhanced W W cross sections at high energy (Chanowitz and Gaillard, 1985) and effects such as W W (bound state) resonances.
In Section 7.2.1 we applied the Kibble transformation to the Higgs doublet following SSB to go to the unitary gauge, in which it is manifest that the Goldstone bosons are eaten to become the longitudinal degrees of freedom of the W ± and Z. We also saw above that amplitudes involving the W and Z at high energy are dominated by their longitudinal components. It is therefore not surprising that such high energy amplitudes can be calculated more easily in terms of the original Goldstone degrees of freedom using the equivalence theorem (Lee et al., 1977) . (More rigorous discussions in more general gauges and including higher-order effects are given in (Chanowitz and Gaillard, 1985; Chanowitz et al., 1987) .) We will illustrate this with a simple example, using the expressions (7.85) on page 306 for the Higgs doublet φ and (7.88) for the Higgs potential V (φ) in an R ξ gauge, in which H is the physical Higgs field, and w ± and z are the Goldstone degrees of freedom that disappear in the unitary gauge. (The gauge and Yukawa interactions for φ are also given in Section 7.2.4.) The equivalence theorem states that amplitudes involving high energy longitudinal Z's and W 's can be obtained by the much simpler calculation of the corresponding amplitudes involving z and w ± . As a simple example, the w + w − → w + w − amplitude is given at tree-level by the fourpoint w + w − w + w − vertex derived from (7.88), and by H exchange in the s and t channels. One finds (7.207) which reproduces (7.204) after using (7.196).
Higgs Properties, Searches, and Discovery
The Higgs interaction vertices are displayed in Figure 7 .3 on page 293. They are always proportional to the mass of a fermion or to mass-squared for a boson, making the Higgs difficult to produce or detect in processes involving light particles. Here we consider searches for a relatively heavy (M H O(10 GeV)) Higgs boson. Searches for lighter Higgs in nuclear physics, meson decays, etc., are described in (Gunion et al., 1990) .
Higgs Production
There are a number of production mechanisms for the Higgs at hadron colliders, some in association with other particles, as indicated in Figure 7 .34. The gluon fusion mechanism GG → H, which proceeds via a virtual t-quark loop, has the largest cross section at both the Tevatron and the LHC, as shown in Figure 7 .35. Observation of gluon fusion allows an indirect constraint on the ttH coupling, even for M H 2m t . There are other modes with lower rates than gluon fusion, but with the advantage of allowing tagging on the associated particles. For example, the associated production of W ± H or ZH (Higgstrahlung) is important. The ZH mode can be tagged by Z → − + with = e or µ, allowing a constraint on the ZH rate even for otherwise difficult modes such as H → bb or for (non-standard) Higgs decays into unobserved particles. W H → ν H and ZH → νν have even larger rates. Vector boson fusion (W + W − → H or ZZ → H with the W or Z radiated from a q orq), has the second highest rate at the LHC and is associated with two hard jets. Associated ttH production is also important at the LHC. QCD (and electroweak) radiative corrections can be large. This is especially true for gluon fusion, where they are of O(100%) at the LHC. They are described in the reviews and summarized in . The various production cross sections, including higher-order corrections, are shown for pp collisions as a function of √ s in Figure 7 .36.
The dominant production mechanism in e − e + at lower energies (e.g., LEP) is through associated Z production (Higgstrahlung), e − e + → Z → ZH, analogous to the third diagram in Figure 7 .34. At higher energies, W fusion, e − e + → ν e W − W +ν e → ν eνe H, (analogous to the second diagram in Figure  7 .34) dominates because the cross section scales as ln(s/M 2 H ) rather than 1/s. Z fusion, e − e + → e − e + H, is cleaner than W fusion, but the cross section is an order of magnitude smaller. Smaller still is the cross section for e − e + → ttH. However, this is dominated by the radiation of the Higgs from the t ort produced in e − e + → tt and could allow the determination of the ttH coupling in a future high energy collider. The predicted ZH and ν eνe H cross sections are shown for several energies of possible future e − e + colliders in Figure 7 .37. are applied 1 . We do not consider here diffractive Higgs production, pp → p ⊕ H ⊕ p [10, 11, 12, 13, 14] . For the discussion of this channel in the MSSM we refer to Ref.
[15].
We do not aim here at a detailed discussion of the importance of each signature at the Tevatron or the LHC, but only at providing the most accurate and up-to-date theoretical predictions. To gauge the progress made in the last years, it is interesting to compare the accuracy of the results available in the year 2000, at the time of the Tevatron Higgs Working Group [4] , with those shown here. All relevant cross sections are now known at least one order better in the strong-coupling expansion, and in some cases also electroweak corrections are available.
• gg → h + X: gluon fusion This process is known at NNLO in QCD [16, 17, 18] (in the large top-mass limit) and at NLO in QCD for a quark of an arbitrary mass circulating in the loop [19, 20] with the renormalization and factorization scales set equal to the Higgs-boson mass. The overall residual theoretical uncertainty is estimated to be around 10%. The uncertainties due to the large top mass limit approximation (beyond Higgs masses of 2×m t ) are difficult to estimate but expected to be relatively small. Differential results at NNLO are also available [25] . NLO (two-loop) EW corrections are known for Higgs masses below 2m W , [26, 27] , and range between 5% and 8% of the lowest order term. These EW corrections, however, are not included in Figs 
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The Higgs-strahlung mechanism
The production cross section
The production cross section for the Higgs strahlung process is given by
where, as usual,â e = −1 andv e = −1 + 4s 2 W are the Z charges of the electron and λ 1/2 the usual two-particle phase-space function
The production cross section is shown in Fig. 4 .3 as a function of the Higgs mass for the values of the c.m energy √ s = 0.5, 1 and 3 TeV. At √ s = 500 GeV, σ(e + e − → HZ) ∼ 50 fb for M H ∼ 150 GeV, leading to a total of ∼ 25.000 Higgs particles that are created at an integrated luminosity of L = 500 fb −1 , as expected for future machines. The cross section scales as the inverse of the c.m. energy, σ ∼ 1/s and, for moderate Higgs masses, it is larger for smaller c.m. energies. The maximum value of the cross section for a given M H value is at
H . An energy of the order of √ s ∼ 800 GeV is needed to cover the entire Higgs boson mass range allowed in the SM, M H < ∼ 700 GeV. 
The WW fusion process
The W W fusion process [112, [243] [244] [245] [246] 503 ] is most important for small values of the ratio M H / √ s, i.e. high energies where the cross section
The production cross section, discussed in §3.3 at hadron colliders, can be more conveniently written as
andv,â the electron couplings to the massive gauge bosons,v e =â e = √ 2 for the W boson. [Note that in the effective longitudinal W approximation, and as discussed in §3.3.5, one obtains a simple result for the cross section of this process, but which is twice larger than the exact result for small Higgs boson masses.].
The production cross section is shown in Fig. 4 .7 as a function of M H at c.m energies √ s = 0.5, 1 and 3 TeV. For Higgs masses in the intermediate range, the cross section is comparable to the one of the Higgs-strahlung process at √ s = 500 GeV, leading to ∼ 25.000
events for the expected luminosity L = 500 fb −1 , and is larger at higher energies. 
224

FIGURE 7.37
Cross sections for e − e + → ZH (Higgstrahlung) and ννH (W fusion) at √ s = 500 GeV, 1 TeV, and 3 TeV, from (Djouadi, 2008a) .
Higgs Decays
The standard model expectations for the various Higgs decay modes, including the details of the QCD and electroweak radiative corrections, are reviewed in (Djouadi, 2008a; Denner et al., 2011; Olive et al., 2014; Almeida et al., 2014; Lepage et al., 2014; Englert et al., 2014) . The predicted Higgs decay branching ratios are shown as a function of M H in Figure 7 .38. For large M H , the decays H → W + W − and H → ZZ dominate. The cleanest signature in this case would be for the "golden" mode H → ZZ → 4 , but this is suppressed by the low leptonic branching ratios. The chains H → W W →ν and H → ZZ →¯ would therefore also be critical. Below the W W threshold, down to ∼ 135 GeV, the decay W W * , where W * is off-shell, dominates, and ZZ * is also important. For still lower masses H → bb has the largest branching ratio. However, this mode is difficult at hadron colliders because of the very large QCD background, especially at the LHC. Thus, a Higgs produced by gluon fusion would be unobservable in bb. The most promising light Higgs channels at the LHC are H → γγ, which proceeds at one-loop, and H → ZZ * → 4 . These have very small branching ratios, but have clean signatures and lower backgrounds than the other modes, and in fact these turned out to be the discovery channels. Other modes with significant branching ratios for a light Higgs include GG, τ + τ − , and cc. Associated productions of the Higgs with W , Z, or tt, as well as vector boson fusion with hard forward quark jets, provide powerful additional handles, e.g., allowing the observation of H → bb at hadron colliders.
The partial Higgs decay widths into fermions are (7.208) where
is the fermion velocity and C f = 1 (leptons) or 3 (quarks) is the color factor. The dominant QCD corrections for quarks are included by evaluating the running masses at M 2 H , e.g., m b ((100 GeV)
2 ) ∼ 3 GeV, reducing the width from the leading order expression. There are additional (smaller) corrections, e.g., from vertex diagrams. These fermionic widths are very small (except H → tt for a very heavy H). For example, Γ(bb)/M H ∼ 2 × 10 −5 , so that Γ(bb) ∼ 2 MeV for M H = 100 GeV. The partial widths for on-shell 
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The Standard Model and Beyond so a heavy Higgs is expected to be very broad, while a light one is very narrow. The partial widths for virtual decays, Γ(H → V V * ) are given, e.g., in (Gunion et al., 1990; Djouadi, 2008a) .
The decays H → γγ, Zγ, and GG occur at one-loop. At tree level
for M H 2m t , from the top-loop diagram in Figure 7 .39, with α s evaluated at M H . There is a very large QCD correction. At one-loop order (Djouadi et al., 1991) the rate is enhanced by 1 + δα s /π, where δ = 95/4 − 7N f /6, i.e., an increase of ∼ 70% for N f = 5. The GG decay is of course difficult to observe at a hadron collider but can be probed indirectly by measuring the GG fusion rate. Similarly, the H → γγ decay is dominated by the W and top loops in Figure 7 .39, which partially cancel. For M H 2M W , the SM prediction is 212) where the first term is from the W , while the 4C t q 2 t /3 = 16/9 is from the top. See the reviews for corrections for finite M H , higher order corrections, and Γ(H → Zγ).
Precision Electroweak Constraints
As described in Section 7.3.4, the precision electroweak data depend logarithmically on M H due to the loop contributions to the gauge self-energies, shown in Figure 7 .17 on page 335. These favor a relatively low value ¶ , 60 < M H < 127 GeV at 90% cl, with a central value M H = 89 +22 −18 GeV (Olive et al., 2014) . The allowed region in the m t -M H plane is shown in Figure 7 .40.
Direct Searches at Colliders
The Higgs was searched for directly at LEP, through the Higgstrahlung process e − e + → Z → ZH, which probes the ZZH vertex in Figure 7 .3. At LEP 1, the s-channel Z was on-shell and the final one virtual, while at LEP 2, the schannel Z was virtual. Various combinations of final states were searched for, including H → bb or τ − τ + and Z → qq, − + , or νν. The LEP experiments were able to exclude a SM Higgs with mass below 114.4 GeV at 95% cl (Barate et al., 2003; Olive et al., 2014) . There were hints of a signal at ∼ 115 GeV, but this was inconclusive. As seen in Figure 7 .40 there is some tension between the precision fits and the direct lower limit, but no real conflict. LEP 2 also obtained limits on possible Higgs-like states with masses below 114.4 GeV but with reduced rates compared to the SM expectation, as would be expected in some extended models as discussed below.
[GeV] Branching ratios for the principal SM Higgs decays as a function of M H , including theoretical uncertainties (Denner et al., 2011) , from . The unlabeled curve in the lower plot (third highest for very large M H ), is for tt. , based on all hadronic data from 1992-1998 differs 2.1 σ from the SM expectation of 0.1468 ± 0.0004. The combined value of A ℓ = 0.1513 ± 0.0021 from SLD (using lepton-family universality and including correlations) is also 2.1 σ above the SM prediction; but there is experimental agreement between this SLD value and the LEP 1 value, A ℓ = 0.1481 ± 0.0027, obtained from a fit to A (0,ℓ) F B , A e (P τ ), and A τ (P τ ), again assuming universality. The observables in Table 10.4 and Table 10 .5, as well as some other less precise observables, are used in the global fits described below. In all fits, the errors include full statistical, systematic, and theoretical uncertainties. The correlations on the LEP 1 lineshape and τ polarization, the LEP/SLD heavy flavor observables, the SLD lepton FIGURE 7.40 1σ allowed regions in M H vs m t and the 90% cl global fit region from precision data, compared with value M H ∼ 125.6 GeV (dashed yellow line) from ATLAS and CMS. Plot courtesy of the Particle Data Group (Olive et al., 2014) .
The CDF and D0 experiments at the Tevatron (see, e.g., (Bernardi and Herndon, 2014) ) could probe to higher values of the SM Higgs mass once they had acquired sufficient integrated luminosity. Initially, they were mainly sensitive to H → W + W − in the mass range 160 − 170 GeV near or just above threshold. With increased luminosity their sensitivity increased and they could search for lower Higgs masses via associated V H production (V = W or Z), with H → bb (the Tevatron bb background is not so large as that at the LHC). By the time the Tevatron ceased running in 2012 the collaborations had searched for the SM Higgs in the range 90-200 GeV in the decay modes bb,
, and γγ at √ s = 1.96 TeV with integrated luminosities L = Ldt up to 10 fb −1 , taking into account all of the production mechanisms in Figure 7 .34. Their combined analysis (Aaltonen et al., 2013 ) excluded a SM Higgs in the mass ranges 90 − 109 and 149 − 182 GeV, and observed a broad excess of events (mainly V bb) from 115-140 GeV. Taking resolution into account this was consistent with the LHC observations and with a SM Higgs, with a local significance of 3.0σ for M H = 125 GeV.
The Higgs Discovery and Properties
Because of the higher energy (and therefore cross sections), and eventually the larger integrated luminosity, the LHC experiments ATLAS and CMS were sensitive to a SM or MSSM Higgs over the entire relevant mass range (Bernardi and Herndon, 2014) . Each of the two experiments obtained L ∼ 5 fb −1 at √ s = 7 TeV during 2011 and ∼ 20 fb −1 at √ s = 8 in 2012. The 7 TeV data, combined with the earlier collider experiments, was sufficient to exclude a light SM Higgs below 116 GeV or a heavy SM Higgs between 127 and 600 GeV, leaving only a relatively small window (which was also in the range expected from precision electroweak measurements). By the end of 2011 both experiments reported significant excesses around 120-126 GeV in both the γγ and 4 , = e ± or µ ± channels. By the summer of 2012 there were sufficient statistics for CMS (Chatrchyan et al., 2012 (Chatrchyan et al., , 2013 (Chatrchyan et al., , 2014 and ATLAS (Aad et al., 2012 (Aad et al., , 2013b to announce > 5σ discoveries of a Higgs-like particle of mass ∼ (125 − 126) GeV. The most significant channels were again γγ and 4 (from H → ZZ * → 4 ), for which there is the best mass resolution (see Figures 7.41 
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The Standard Model and Beyond and 125.7 ± 0.4 GeV (CMS). The rates for H production and decay into a specific final state a are proportional to σ H B(H → a) where σ H is the production cross section and B(H → a) = Γ(H → a)/Γ H is the branching ratio into a. At a hadron collider one can most cleanly measure the relative branching ratios into two different final states. The branching ratios B(H → a) themselves can be obtained if σ H is known independently from a theoretical calculation or by tagging some inclusive production mode, such as vector boson fusion or by W H or ZH, with W or Z → jets, Z → 2 , or Z → bb. The B(H → a) can also be obtained if the relative rates for all significant decay modes ‡ ‡ are known, using the constraint that a B(H → a) = 1.
Determination of the more interesting absolute widths Γ(H → a) requires an independent determination of the total width Γ H . CMS obtained an upper limit of 6.9 GeV at 95% c.l. on Γ H from the lineshape. This is very much larger than the intrinsic width of ∼ 4 MeV expected in the SM, and is presumably due almost entirely to the experimental resolution. CMS subsequently obtained a much more stringent limit Γ H < 22 MeV at 95% c.l. (Khachatryan et al., 2014a) indirectly by comparing the H → ZZ * rates on-shell and off-shell, making use of the Breit-Wigner energy dependence in (F.2) on page 561. This is still considerably larger than the SM expectation, however. A precise determination of Γ H will probably require a measurement of the e − e + → ZH rate at a future e − e + collider (to obtain the ZZH vertex and therefore Γ(H → ZZ * )), combined with B(H → ZZ * ). CMS and ATLAS * also found evidence for a broad enhancement in 2 , presumably from H → W W * → ν ν. The rates (production cross section times branching ratio) for γγ, ZZ * , and W W * are in good agreement with the SM Higgs interpretation † , although the uncertainties are still high, O(20− 30%), as can be seen in Figure 7 .43.
Decays of the Higgs-like particle into fermions are not so well established. However, preliminary results as of February 2014, based on the entire 2011-2012 data set, establish that H → τ − τ + and V H → V bb do indeed occur, with a combined significance of around 4σ per experiment, with the highest significance for τ − τ + . The rates are consistent with the SM, though the undiffer by about 2.4σ. The discrepancy is not understood. A subsequent analysis reduced the effect to a less significant 2σ (Aad et al., 2014a) . ‡ ‡ As discussed below some scenarios beyond the standard model involve invisible (unobserved) decay modes that must also be included. Their rates can be constrained or observed by tagging. * In December 2014 ATLAS reported the observation of H → W W * in the dilepton channel at a significance of 6.1σ, with rates for both gluon and vector boson fusion consistent with the SM (Aad et al., 2014b) . † The initial results from both experiments yielded a γγ rate 50-60% higher than the SM expectation (though with large uncertainties), leading to considerable speculation concerning a deviation from the SM. However, the case for new physics was significantly weakened by subsequent results from CMS, which yielded a lower rate.
certainties are still quite large. There have also been upper limits established on decay modes such as µ − µ + and Zγ. These are still well above the SM expectations.
Some beyond the standard model scenarios predict Higgs decay modes into invisible final states, such as MSSM neutralinos or dark sector candidates for dark matter, or into a pair of pseudoscalars in some models with extended Higgs sectors. These are constrained by tagged events such as Higgstrahlung or vector boson fusion, yielding limits of ∼(60-70)% on the branching ratio for H → invisible.
The various production mechanisms can be separated experimentally by tagging on the associated forward jets, Z, W , or t. As can be seen in Figure  7 .44 the production rates are consistent with the SM expectations, though with quite large uncertainties.
From Figures 7.43 and 7.44 it is apparent that the production and decays of the Higgs-like particle are broadly consistent with the expectations for the SM Higgs. All of the available information has been combined in global analyses to test consistency with the SM in more detail and to constrain the magnitudes of possible deviations, e.g., (Giardino et al., 2014; Ellis and You, 2013; Belanger et al., 2013) . One of the most fundamental properties of the SM Higgs boson is that its couplings are proportional to a power of mass, i.e., to h f ≡ m f /ν for fermion f , or to h V ≡ 2M 2 V /ν for V = W, Z. This is indeed the case, as can be seen in Figure 7 .45.
Another critical aspect is to determine the spin, parity, and charge conjugation quantum numbers J P C . These are predicted to be 0 ++ for the SM Higgs, i.e., the couplings to fermions and vectors are proportional to Hψψ and HV µ V µ (or HV µν V µν at loop level), respectively. However, dynamical alternatives to the elementary Higgs mechanism often involve pseudoscalars, J P C = 0 −+ , which could be light (Eichten et al., 2012) . A pseudoscalar P would couple like Pψγ 5 ψ and P V µνṼ µν , whereṼ µν = 1 2 µνρσ V ρσ . If a light pseudoscalar somehow had the appropriate coupling strengths it could mimic the SM Higgs. In principle, the Higgs-like particle could also have spin higher than 0.
The fact that the H decays to γγ implies that it has η C = +1 (or that it is not a C eigenstate). It also implies ‡ that J = 0, 1, or 2 under the plausible assumption of an S-wave decay. The J P = 0 + and 0 − cases can be distinguished by angular and invariant mass distributions in H → ZZ * → 4 , and also by the threshold behavior of V H, e.g., (Bolognesi et al., 2012) . The 4 decays have allowed ATLAS and CMS to exclude a pure pseudoscalar at ‡ According to the Landau-Yang theorem (Landau, 1948; Yang, 1950) , which follows from rotational invariance and Bose statistics, a spin-1 particle cannot decay into two identical massless vectors. It can be evaded for off-shell, massive, or non-identical vectors, for processes that are mistaken for two photons, or if there are two decaying particles. It is therefore useful to exclude this possibility experimentally. 
ATLAS FIGURE 7.42
Four-lepton invariant mass distribution from CMS (Chatrchyan et al., 2014) and ATLAS (Aad et al., 2013b) .
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III.6. Higgs Production in association with top quarks
As discussed in Section II, the coupling of the Higgs particle to top quarks plays a special role in the electroweak breaking mechanism and in its possible extensions. Substantial indirect evidence of this coupling is provided by the compatibility of observed rates of the Higgs boson in the main discovery channels as one of the main production processes, the gluon fusion, is dominated by a top quark loop. Direct evidence of this coupling at the LHC and the future e + e − colliders will be mainly available through the ttH final state. The analyses channels for such complex final states can be separated in four classes according to the decays of the Higgs boson. In each of 
FIGURE 7.43
Signal strengths µ (ratio of observed rate to the expectation for a SM Higgs) for various decay modes for ATLAS and CMS, from (Olive et al., 2014) .
better than 99% c.l. The 0 + can be distinguished from 1 ± and 2 + in ZZ * , W W * , and γγ. Most of these possibilities are now excluded § at 98% c.l.
Implications of the Higgs Discovery
The various observations described in the previous section leave little doubt that the observed state is either the SM Higgs, or something very similar to it. Assuming that it really is the SM Higgs, its relatively low mass implies some tension with the the vacuum stability considerations discussed in Section 7.5.1. A recent NNLO calculation of the effective potential and running couplings (Degrassi et al., 2012; Buttazzo et al., 2013) shows that for the observed parameters the quartic coupling λ(Q 2 ) goes negative for Q around 10 10 − 10 12 GeV. See the Figure 7 .46 (top). However, the decrease of λ slows for larger Q 2 due to cancellations, implying a metastable vacuum (with the lifetime longer than the observed age of the Universe). It is remarkable that the observed parameters imply that the SM vacuum lies in the narrow strip between instability and absolute stability ¶ . It should be reiterated that these § See (Khachatryan et al., 2014b) for a recent CMS update. ¶ The value λ(M 2 P ) = 0 would be theoretically intriguing and would open the possibility that the Higgs is the inflaton of inflationary cosmology (Bezrukov et al., 2012; Salvio, 2013) .
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-61- Allowed regions in the production rates (relative to the SM predictions) for (GG fusion +ttH) vs (vector boson fusion +V H) from CMS and ATLAS for the 4 , ν ν, and γγ final states, from (Olive et al., 2014) . (Giardino et al., 2014) . considerations only apply if there is no new physics below the Planck scale M P , or at least below the scale at which λ vanishes.
Extended Electroweak Symmetry Breaking Sectors
The observed Higgs-like particle is consistent with the SM Higgs. However, the measurements of its couplings still leave considerable room for deviations. These could be due either to extended sectors involving elementary Higgs fields or to the possibility that the Higgs sector is an effective theory describing underlying strong dynamics at a higher scale. Some of these extensions are motivated by the Higgs/hierarchy problem described in Section 8.1. This basically states that the Higgs mass-squared involves quadraticallydivergent corrections of O(λ, g 2 , h 2 )Λ 2 (see (8.2) on page 457), where Λ is the new physics scale. This implies that for Λ TeV there must be fine-tuned cancellations between the bare mass-squared and the corrections.
Many theories beyond the SM have extended Higgs sectors , involving additional Higgs doublets (such as are required in supersymmetry) and/or Higgs fields transforming under different SU (2) representations, such as singlets or triplets (for reviews, see Gunion et al., 1990; Djouadi, 2008b; Accomando et al., 2006; Barger et al., 2007; Djouadi et al., 2008; Djouadi and Godbole, 2009; Branco et al., 2012; Olive et al., 2014) . Such additional multiplets allow new physical scalar particles, including extra electrically-neutral states, singly-charged states for additional doublets or triplets, and even doublycharged states for SU (2) triplets with y = ±1. Electrically neutral states may mix with the H (even for SU (2) singlets), modifying the couplings of the mass eigenstates h i . In some cases, there are two or more mass eigenstates with scalar couplings to fermions, and one or more with pseudoscalar (γ 5 ) couplings, and in other cases (involving CP violation) the scalars and pseudoscalars mix. In the MSSM, for example, there are two Higgs doublets. In the decoupling limit, in which the second Higgs doublet is much heavier than the first, there is little mixing and the lighter scalar has couplings essentially the same as those of the SM Higgs. However, there can be considerable mixing between the two scalars (and with the pseudoscalar if CP is violated) in the non-decoupling region, in which the new supersymmetric particles and second Higgs are relatively light.
An important consequence of mixing prior to the discovery of the Higgs-like particle was that the LEP 2 lower limit of 114.4 GeV could be weakened, e.g., because the strength of the ZZh 1 coupling could be reduced due to the mixing between two scalars or because the lightest scalar has new decay modes which are difficult to observe, such as into two light pseudoscalars (Chang et al., 2008) . In the non-decoupling region of the MSSM, for example, the LEP 2 Top: The running of the quartic Higgs self-coupling for M H = 125 GeV, from (Degrassi et al., 2012) . The vacuum remains metastable for λ(M 2 P ) −0.05. Bottom: Phase diagram for the standard model as a function of M H and m t , assuming that there is no new physics up to the Planck scale. From (Degrassi et al., 2012) . limit was weakened by the mixing effect (Heinemeyer et al., 2006 (Heinemeyer et al., , 2008 Barate et al., 2003) , although this was partially compensated by a new search channel, Z * → scalar + pseudoscalar. This will be further discussed in Chapter 8. In addition to the implications for the Higgs spectrum and couplings, extended Higgs sectors can lead to flavor changing Higgs-fermion couplings (e.g., in non-supersymmetric two-doublet models in which both doublets couple to the same fermions), or to modifications to the ρ 0 parameter (i.e., to the M W /M Z relation) due to the VEVs of Higgs triplets or higher-dimensional representations (Problem 7.1) unless a custodial symmetry is somehow imposed. There are also new possibilities for explicit or spontaneous CP violation in the Higgs sector (with possible implications for baryogenesis (Barger et al., 2007) ), and even the danger of the spontaneous violation of electric charge (Problems 7.3 and 7.4). Higgs singlets in extended models can also be dark matter candidates (Barger et al., 2009) or can serve as portal connecting the standard model fields to a dark matter sector (Schabinger and Wells, 2005; Patt and Wilczek, 2006) .
Many of these possibilities have been reexamined in light of the discovery of the Higgs-like particle. In particular, there have been detailed studies of the lightest Higgs scalar in the decoupling limit of the MSSM (Hall et al., 2012; Draper et al., 2012; Degrassi et al., 2012; Carena et al., 2013; Hahn et al., 2014; Buchmueller et al., 2014) . One of the primary motivations of supersymmetry is to solve the Higgs/hierarchy problem via cancellations of the Higgs mass quadratic divergences due to the SM particles against additional diagrams involving their superpartners. However, the MSSM immediately leads to another complication: it has already been commented in Section 7.5.1 that there is a theoretical upper limit of ∼ 130 GeV on the mass of the lightest Higgs scalar in the MSSM, due to the fact that the analog of λ in the SM is given by gauge couplings. In fact, at tree level, the upper limit is actually M Z . A larger M H is possible due to loop corrections for large masses and/or mixings of the two scalar partners of the top quark (see (8.160) on page 499), but to achieve a mass as high as 125-126 GeV requires either very large stop masses in the multi-TeV range or very large mixing, as is illustrated in Figure 7 .47. The large ratio of these scales to the electroweak scale ν, which is closely associated with the supersymmetry breaking parameters, requires cancellations that are possible but which appear rather unnatural (the little hierarchy problem). The theoretical upper limit of ∼ 130 GeV on M H is considerably weakened (to around 150 GeV) in extended supersymmetric models, especially in the singlet-extended models discussed in Section 8.2.6. Recent studies of these and other extended-Higgs models include (Frank et al., 2013; Craig et al., 2013; Baglio et al., 2014) .
It is all possible that there are no elementary Higgs particles. For example, the symmetry breaking could be associated with the boundary conditions in a theory with extra dimensions of space-time (Higgsless models), for which there are no analogs of the Higgs field. Alternatively, electroweak symmetry breaking could be due to some sort of bilinear fermion condensate, as in (Hall et al., 2012) . X t is the stop squark mixing parameter defined in (8.176) on page 503; mt is the soft stop mass, which is (here) assumed to be the same for botht L andt R ; and mt 1 is the lighter stop eigenvalue. X t = 0 and X t ∼ √ 6mt are the no-mixing and maximal-mixing scenarios discussed in Section 8.2.5. The packages Suspect and FeynHiggs are referenced in the Web Sites section at the end of this book. the spontaneous breaking of the chiral symmetries in QCD (Section 5.7). Examples include (extended) technicolor and top-color. However, such models do not usually have a light 0 + scalar that could imitate the SM Higgs. See Section 8.1 for a more detailed discussion.
More promising are composite Higgs models. Typically, these involve a more fundamental strongly-coupled sector at the 1 − 10 TeV scale which (unlike technicolor) does not directly lead to electroweak symmetry breaking. However, the Higgs multiplet emerges as a composite state in a low-energy effective theory. A very attractive possibility is that, in the absence of electroweak or Yukawa couplings, all four Hermitian components of the Higgs doublet are the massless Goldstone bosons associated with a spontaneously broken global symmetry of the underlying theory. Turning on the electroweak couplings generates the Higgs potential, which in turn leads to SU (2) × U (1) breaking. Three of the Goldstone bosons are absorbed by the ordinary Higgs mechanism, while the Higgs-like scalar is a pseudo-Goldstone boson. The Higgs mass is generically suppressed by O(g/4π) compared to the scale Λ of the strong dynamics and of the other composite states. This suggests Λ = O(1 TeV), which is rather low for evading precision electroweak and FCNC constraints. A larger and safer Λ, e.g., 10 TeV, can be achieved by fine-tuning. Alternatively, Λ naturally increases by an order of magnitude (an extra factor of g/4π) in Little Higgs models, in which the Higgs mass is protected by two symmetries * * . Composite Higgs models can often be reinterpreted (i.e., are equivalent to) theories with extra space-time dimensions. In these dual descriptions the massless Higgs fields are identified as gauge fields in the extra dimensions. These ideas, and related issues such as the generation of Yukawa couplings, are reviewed in more detail in (Bhattacharyya, 2011) and in the articles on Status of Higgs Boson Physics and on Dynamical Electroweak Symmetry Breaking in (Olive et al., 2014) . See also Section 8.1.
The various types of new physics mentioned above can affect the Higgs in a number of way. Mixing in extended Higgs sectors can modify the relative strengths of the Yukawa couplings, especially of the up-type quarks relative to the down-type quarks and charged leptons (Section 8.2.5). They can also increase the Higgs width via unobserved decays, allow decays into other exotic modes (Curtin et al., 2014) , modify the Higgs self-interactions (Baglio et al., 2013) , or lead to Higgs-mediated flavor changing effects (Buras et al., 2010) . Heavy particles such as superpartners, additional quarks and leptons, and heavy W bosons are expected in many extended theories, including most of the composite Higgs models. These can enter into loops and significantly modify gluon fusion and such loop-induced decays as GG, γγ, and Zγ, or perturb tree-allowed decays such as H → bb. Of course, there may be associated effects such as the direct production of the new heavy particles at the LHC, modification of the oblique parameters or other aspects of precision electroweak physics, the observation of FCNC, or the modification of high energy V V scattering, where V, V = W or Z (e.g., (Baak et al., 2013; Corbett et al., 2014) ).
Possible deviations from the SM predictions for the Higgs couplings have been studied quantitatively in specific classes of models and from a model independent or general effective operator framework, e.g., in (Giardino et al., 2014; Ellis and You, 2013; Belanger et al., 2013; Contino et al., 2013; EliasMiro et al., 2013) . Typical deviations are in the 1-10% range. Considerable improvement on the current observations shown in Figures 7.43 and 7.44 are expected from future runs at higher energy at the LHC, especially with a luminosity upgrade. These could reach a precision of ∼ 5 − 10%. Even more precise measurements would be possible at a future e − e + collider, such as a proposed International Linear Collider (ILC) † † (Weiglein et al., 2006) . For example, the ILC running at 250 GeV would be able to determine the total H width by measuring the total e − e + → ZH rate and combining it with the H → ZZ * branching ratio. Increasing the ILC energy to 500-1000 GeV would allow measurements of the other couplings, including the ttH and HHH couplings, many at the 1% level. Of course, the theoretical predictions of the SM would have to be computed to comparable precision (Denner et al., 2011; Almeida et al., 2014; Lepage et al., 2014; Englert et al., 2014) . Future prospects for various facilities are surveyed in (Dawson et al., 2013; Bechtle et al., 2014). 7.6 New References Aad, G. et al. (2012) . Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC. Phys. Lett. B716, 1-29, arXiv:1207.7214 [hep-ex] . Aad, G. et al. (2013a) . Evidence for the spin-0 nature of the Higgs boson using ATLAS data. Phys. Lett. B726, 120-144, arXiv:1307 .1432 . Aad, G. et al. (2013b) . Measurements of Higgs boson production and couplings in diboson final states with the ATLAS detector at the LHC. Phys. Lett. B726, 88-119, arXiv:1307 .1427 . Aad, G. et al. (2014a) . Measurement of the Higgs boson mass from the H → γγ and H → ZZ * → 4 channels with the ATLAS detector using 25 fb 
